Abstract Inward energy transport (pinch phenomenon) in the electron channel is observed in HT-7 plasmas using off-axis ion cyclotron resonance frequency (ICRF) heating. Experimental results and power balance transport analysis by TRANSP code are presented in this article. With the aids of GLF23 and Chang-Hinton transport models, which predict energy diffusivity in experimental conditions, the estimated electron pinch velocity is obtained by experimental data and is found reasonably comparable to the results in the previous study, such as Song on Tore Supra. Density scanning shows that the energy convective velocity in the electron channel has a close relation to density scale length, which is qualitatively in agreement with Wang's theoretical prediction. The parametric dependence of electron energy convective velocity on plasma current is still ambiguous and is worthy of future research on EAST.
Observation of Electron Energy Pinch in HT-7 ICRF Heated Plasmas

Introduction
Cross field energy transport in tokamak plasmas was historically explained in a diffusive way, in which the diffusive model was applied with assumption that the transport of energy across the magnetic field can be described solely by a diffusion equation: q = −nχ∇T , where q is thermal flux, n is plasma density, χ is thermal diffusivity and T is temperature. The positive definition of χ and typically negative ∇T in tokamak plasma predicts an outward heat flux. Therefore, inward heat flux occurs only in the situation where the temperature becomes an increasing function of radius. However, this assumption has proven to be invalid by the observation of inward electron heat transport (energy pinch) in some tokamaks such as DIII-D [1, 2] , RTP [3] , ASDEX-U [4] , and Tore Supra [5] using localized offaxis electron cyclotron resonance heating (ECRH) in experiments.
Similar energy pinch phenomenon in electron channel was also observed in HT-7 plasmas with ion cyclotron resonance frequency (ICRF) heating and is presented in this article. The analysis in previous work is usually based on the auxiliary heating power modulation and the related FFT (fast Fourier transform) technique. In this work, a different method of analysis is applied on regular (constant) auxiliary heating power waveform by using TRANSP code to calculate power balance heat flux and simulate diffusive component with the aid of GLF23 and Chang-Hinton (in core region ρ < 0.1) transport models, which are both optional modules in TRANSP code [6, 7] . Here, ρ is a magnetic flux coordinate defined as the square root of the normalized toroidal flux ( (Ψ/Ψ a )). Previously, parametric dependence of pinch velocity in electron channel was observed in some tokamaks (e.g. DIII-D [2] , ASDEX-U [4] and Tore Supra [5] ), while people did not observe such dependence in other tokamak (RTP [3] ). Meanwhile, even in the experiments with pinch observation, the preference of pinch velocity (inward) on density is concluded differently in different devices. For instance, DIII-D case shows that higher pinch velocity would appear in higher density situation [2] , while ASDEX-U and Tore Supra experiments show that the inward pinch velocity may fade in the high density case [4, 5] . In this article, another attempt, which is inspired by Wang's theoretical prediction [8] , is trying to show the relation between electron pinch velocity and density scale length. In her work, she shows that there would usually be competition between inward ∇B and outward ∇n driven components of convective velocity. And inward energy pinch is predicted for a flat density profile, while a steep density profile predicts outward convection.
In section 2, the setup of ICRF experiment and the analysis method is described. The experimental results and related analysis are presented in detail in section 3. As the last part of this paper discussion and summary are given in section 4.
Experimental setup
HT-7 is a superconducting tokamak with R 0 =1.22 m and a=0.27 m. The deuterium plasmas with circular cross section configuration are mainly heated by ICRF in this experiment. One unique feature of the ICRF system in HT-7 is that its antenna is installed on high field side of the vacuum vessel. The advantage is that the heating efficiency can be relatively high, even in experiments with high H concentration. However, detailed physics of the ICRF heating regime is not in the scope of this article. Typical settings of the experiments are I p =150 kA, B T =1.79 T, line averaged density n e = 1.35 × 10 19 m −3 . The coupled ICRF power P ICRF =500 kW, f ICRF =27 MHz, and the ICRF heating power deposition is expected to be well offaxis in the condition of B T =1.79 T, n Li /n e ∼ 1% and Z eff =3. One example is shot #112507, which is shown in Fig. 1 . The increment of neutron count is a direct sign of effective ICRF heating. Transport analysis was performed using TRANSP code, which uses the experimental data of HT-7, such as electron temperature T e from 16-channel ECE (electron cyclotron emission) radiometer, electron density n e from multi-channel HCN interferometer. Plasma equilibrium information is obtained from the magnetic reconstruction EFIT code [9] . A full wave code, TORIC [10] , is the ICRF power deposition subroutine in TRANSP. There is no direct ion temperature measurement in HT-7 if diagnostic neutral beam (DNB) is absent. Thus, in this study, ion temperature was predicted by the transport models in TRANSP code. Agreement between the measured neutron emission rates and ones calculated in TRANSP was found, in order to obtain the reasonable ion temperature, which is used in the power balance analysis. In this work, we not only do experiment analysis using TRANSP, but also employ GLF23 and Chang-Hinton transport models in predictive TRANSP simulation to estimate the diffusive component of heat flux. GLF23 is a build-in module of TRANSP code now.
Experimental observation and analysis
This section will present the experimental observation in heat transport and its analysis based on the typical shot #112507, which is shown in Fig. 1 , as well as TRANSP simulations using GLF23 transport model. Afterwards, a density scanning case is analyzed to show different electron pinch velocities in different density conditions. Another discharge with different plasma current is also involved in this analysis. In Fig. 2(a) , the whole time history is shown. The shaded region indicates the onset of ICRF heating and the initial phase of electron temperature rising. Fig. 2 (b) provides details of ECE electron temperatures and their fits in the shaded region in Fig. 2(a) . From the original ECE temperature evolution, clear sawteeth are observed with a period of 2 ms. Corresponding time derivatives (dT e /dt) for the electron temperature fits in Fig. 2 (b) are shown in Fig. 2(c) . It is clear that after the onset of ICRF heating (shown as vertical orange dot line and arrow), the electron temperatures increase almost immediately in Channel 05 and 08. The maximum growth rate of electron temperature in Channel 08 is observed about 20% higher than that in Channel 05. However, during the rapid increase of electron temperature in these two channels, the electron temperature in Channel 01 does not seem to be affected much. The electron temperature in the plasma core indeed responds the heating with a delayed and weaker increase at about 0.372 s. The lag is observed about 10 ms in this case, which is close to the energy confinement time in this scenario. This observation demonstrates that the ICRF heating power is not deposited directly into the plasma core region. Power deposition in electron channel may be between ρ = 0.3 to 0.6 or even further outward, because the growth rate of electron temperature is higher in Channel 08 (ρ = 0.579) than that in Channel 05 (ρ = 0.364). Despite of the existence of sawtooth behavior that expels energy (perhaps particle as well) outside the core region, the electron temperature in this region keeps increasing in a larger time scale (confinement & transport time scale VS sawteeth time scale). The hypothesis is that the increase of central electron temperature is due to some energy transport processes related to turbulence. The experimental electron temperature profile shown in Fig. 3 provides clear evidence of non-purely diffusive electron energy transport. The plasma is heated by ICRF at 0.5 s. Calculations by TORIC module integrated in TRANSP code indicate that in the ICRF heated plasma, the ICRF power deposited on electrons is clearly off-axis. In previous research, TORIC code had already been validated in conditions similar to that of HT-7 experiment [11, 12] . The simulated results were in reasonable agreement with experiment observations in those reports. In this work, according to the simulation, more than 90% (313 kW/344 kW) of electron heating power is deposited outside core plasma (i.e. ρ > 0.3). The detailed power deposition profile given by TORIC qualitatively agrees with the result deduced from time derivatives of ECE electron temperature in Fig. 2 , showing a main ICRF heating region outside ρ = 0.5 and almost no direct ICRF power deposited into the plasma core. The calculated result is in qualitatively agreement with the analysis of ECE time history. Although this is an off-axis heating scenario, the measured electron temperature is still core-peaking, showing the possibility of the existence of extra heating source in the core or the energy transport from the region outside the core. Electron power balance equation is simplified in TRANSP analysis in this quasi-steady state (dT e /dt ∼ 0) as P e = Q ie + P rad + P loss , where the source term electron heating power (P e )=Ohmic heating power (P OH )+ICRF power to electrons (P ICRFe ), and the sink terms are ion-electron coupling (Q ie ), radiated power (P rad ) and other loss term (P loss ), which mainly includes a conductive term (P cond ) and probably a convective term (P conv ). Detailed power balance calculation indicates anomalously low χ e eff (purely diffusive model) about 0.04-0.3 m 2 /s in the plasma center (ρ < 0.3). As shown in Fig. 4 , the calculated power balance χ e is lower than neoclassical ion heat diffusivity (χ i NC ) in the core region, especially at the position that is near the magnetic axis. The subplot shows the detailed number for this anomalously low χ e region. In this study, GLF23 and Chang-Hinton (only used in the core region ρ < 0.1) transport models are employed for comparison to estimate how much the diffusivity χ e should be if the transport is governed by ITG/TEM turbulence in the experimental condition. GLF23 is a well known theoretical transport model that is widely used in plasma simulations even in ITER plasma performance prediction [6] . However, GLF23 model has not been benchmarked before in HT-7 plasmas. In the first half of this subsection, two different time slices in two different discharges (four cases in total) with or without ICRF heating are taken for example to validate the GLF23 model in HT-7 plasmas.
The benchmark results are shown in Fig. 5 . The upper panel shows data from shot #113328, and two profiles of shot #113388 are shown in the lower panel. These two shots are typical central ICRF heating discharges in HT-7 operation. The electron temperature data are obtained by the same ECE diagnostic as shown in Fig. 2 . As mentioned in section 2, for technical issues, we don't have direct ion temperature measurement in this set of discharges. In this benchmark, ion temperatures are also predicted by transport model, while the calculated neutron emission rate is found close to the measured ones. Line-averaged density in shot #113328 is about 1.35 × 10 19 m −3 . Shot #113328 has lower density (about 1.1 × 10 19 m −3 ), thus it has higher electron temperature under similar ICRF heating power (about 500 kW). The calculated region of GLF23 model is from the plasma core to ρ ∼ 0.8. Generally, when benchmarking against experimental data, GLF23 model gives reasonable predictions both in Ohmic-only and ICRF heating scenarios for typical HT-7 parameters in this experimental campaign. On the basis of the benchmark, a reference discharge is chosen to compare with the target plasma discussed in subsection 3.1. It is an ICRF central heating discharge (shot #112517) with major parameters (e.g. I p , n e , T e ) very close to the off-axis case that we study. In the simulation, we are trying to fit the predicted electron temperature to the experimental one by choosing different multipliers in transport models. The electron temperature in experiment and its transport model fitting result are both shown in Fig. 6 . This assures us that the predicted heat diffusivity comes from the same (at least, very similar) pressure profile. A more reasonable χ e ∼ 1 m 2 /s is obtained in the plasma center around ρ = 0.2 (shown in Fig. 7) . Using experimental electron heat flux (q e ) calculated in TRANSP and experimental n e , T e in combination with simulated heat diffusivity by transport models, we can roughly estimate the electron energy convective term in HT-7 ICRF heated plasma via the equation q e = −χ e model n e ∇T e + v e n e T e . Detailed profiles of q e , χ e model and v e in plasma core region are shown in Fig. 7 . The result indicates that electron energy Fig.6 The electron temperature in the experiment during ICRF heating phase (black) and its transport model fit (red). The reference is a central ICRF heating discharge with similar major plasma parameters Fig.7 Power balance analysis of HT-7 shot #112507 at 0.5 s. The calculated electron heat flux (black), the predicted electron heat diffusivity by transport models (red) and the estimated electron energy convective velocity (blue) are shown. Orange dot line indicates the boundary of different velocity signs, positive number means outward convection and negative number is for inward pinch convection is inward inside ρ = 0.4 and is outward outside this radius. The inward pinch region does not cover the main electron heating peak around ρ = 0.6. This precludes further increase of center electron temperature, and it may be a reason for the slight (not remarkable) difference in center T e during the discharge (not shown in this article). The estimated v e values (around 5 m/s) are reasonably close to the results in previous work, such as Song on Tore Supra (v e ∼3.5-8 m/s) [5] .
Electron energy pinch in a density scanning case
In this subsection, different electron energy convection velocities in a density scanning discharge are presented. The selected shot is #112238 with very similar major experimental setup to the analyzed discharge in previous subsection. The major difference between these two discharges is that there is density scanning in #112238 (this discharge), while the density is constant in #112507 (previous discharge). The basic information about the density scanning discharge is shown in Fig. 8 . The layout of Fig. 8 is the same as Fig. 1 . In the third row of this figure, the evolution of line-averaged density shows a strong decay of density during ICRF injection. The highest density is 3.5×10
19 m −3 , while the lowest value is 1.6 × 10 19 m −3 . In this study, three time slices with different line-averaged densities are selected, as shown in Fig. 8 with labels 1, 2 appears at 0.54 s. Three minor differences between this discharge and the previous one are that the overall density is higher in this discharge, the ICRF power is slightly lower, and the toroidal magnetic field is a little higher (1.85 T vs 1.79 T). So the deposition region of ICRF power in the electron channel is expected to be a little closer to the plasma core. The density, electron temperature and electron heating power density profiles of the density scanning discharge are shown in Fig. 9 . As explained in previous subsection, electron heating power (P e )=Ohmic heating power (P OH )+ICRF power to electrons (P ICRFe ). The peak of electron heating power locates around ρ = 0.4. It is closer to the plasma core in comparison with #112507 case, which has the power deposition peak at ρ ∼ 0.6. When density decreases, power deposition moves further inward, but not much. Generally, ρ = 0.4 can be considered as the boundary of the main power deposition region. Due to strong and relatively local heating, there are similar plateaus in electron temperature profiles beyond ρ = 0.4 as shown in shaded region in Fig. 9 .
Using the same technique as illuminated in previous subsection, the electron convective velocities in three different density conditions are calculated with the aids of experimental electron heat flux (q e ), electron density (n e ), temperature (T e ) and simulated electron diffusivity (χ e model ). Fig. 10 shows these quantities in the region 0.1 < ρ < 0.4, which is outside the main heating Fig.9 Density, electron temperature and electron heating power profiles at the three selected time slices (with different colors) of shot #112238. Shaded region shows the plateaus in electron temperature profiles, which can be considered as main heating region region. Calculation indicates that for all three cases, electron convective velocities are mostly negative in the plasma core, i.e. energy pinch exists. Maximum value of pinch velocity is 4-11 m/s in these three cases, which is also reasonably similar to previous work of Tore Supra [5] . We may notice that pinch velocity varies with density. The trend shown in Fig. 10 is that the high density case has high pinch velocity and vice versa. This trend is in agreement with early DIII-D result [2] but is inconsistent with the conclusions in ASDEX-U [4] and Tore Supra [5] . However, if taking #112507 case in previous subsection into consideration, this trend would be broken. The maximum pinch velocity shown in Fig. 7 is about 5.6 m/s, which is higher than the velocity in #112238@0.54 s low density case. But the density in #112507 is even lower (1.
in #112238)
. This fact may break the "low density low pinch velocity" rule. Thus, we consider another possibility of parametric dependence of pinch velocity on density. In Fig. 11 , pinch velocity vs inverse density scale length (L −1 n , i.e. −∇n e /n e ) is shown. Three open squares from three time slices of shot #112238 show a clear trend of "pinch velocity increases (become more negative) when inverse density scale length decreases". The three selected data points are the highest inward pinch velocities in each time slice, which means that they may not from the same radial position. When taking #112507 case (open circle in the figure) into account, it does not break the trend very much. The shaded region in the figure is to illustrate the possible correlation between electron pinch velocity and density scale length. The color coding shows the density for each data case in this figure. Again, it is clear that there is no simple density value dependence in this data set. Alternatively, the dependence of pinch velocity on density scale length is a good candidate, which means the density profile shape dependence. In this dependence, more inward energy pinch requires a flatter density profile, whilst a steeper density profile produces less inward energy pinch. Another HT-7 case (shot #112009) is also analyzed in this process and shown in Fig. 11 as an open triangle. This discharge has higher plasma current (180 kA). Other experimental setup is similar to #112238, except the constant density (2.0 × 10 19 m −3 ). Inward energy pinch also exists in this case. The maximum velocity is about 3.1 m/s. The low pinch velocity coexists with a medium (not very steep) density profile (L −1 e = 2.7 m −1 ). In Fig. 11 , this data point, on one hand, does not break the positive correlation trend very much in comparison with the I p = 150 kA data. On the other hand, it has a significantly smaller pinch velocity value (only 40%) than case #112238, which has similar density scale length. It is really scattered, if there are no further data to uncover the trend. Unfortunately, this is the only available high plasma current off-axis ICRF heating discharge in the database. Consequently, we cannot draw any conclusion on the influence of plasma current on energy pinch velocity for now. 
Discussion and summary
Inward energy pinch in the electron channel is observed in HT-7 superconducting tokamak using off-axis ion cyclotron resonance frequency (ICRF) heating with regular (constant) waveform. The analysis method used in this work is based on TRANSP power balance analysis and transport models (GLF23 and Chang-Hinton) simulation, which is different from the FFT analysis in previous off-axis ECRF heating modulation experiments. Using this method, energy pinch phenomenon can be possibly analyzed for the discharges with regular heating waveform, which means that the analysis can be performed without the restriction on modulation experiment. Although GLF23 transport model has been validated for nearly ten years [7] , and had been used in the prediction of EAST plasma performance [13] , we should admit that the methodology used in this work relies on transport models, which are not perfect nowadays and may therefore contribute uncertainties to the analysis. A new model (TGLF) will further enhance the accuracy of analysis in this method. However, the discussion of using the new model is beyond the scope of this article.
In experiment, centrally peak electron temperature profile is observed while the main heating power deposition is obviously off-axis. Anomalously low heat diffusivity is identified by power balance analysis. With the aids of transport models, which predict energy diffusivity in experimental conditions, the estimation of electron convective velocity is obtained by experimental data and is reasonably similar to the results of the previous study, such as Song in Tore Supra [5] . Besides, this work also shows the possibility of the existence of outward heat convection at some radii, which are not in plasma core region. This is not the first time that people infer the existence of outward heat convection. Previous study in RTP indicated that a theoretical model with outward convection can well reproduce the experiment parameters while another model (without outward convection) can not [14] . Analysis for the parametric dependence of pinch velocity on density is also performed. When considering the case of shot #112238 alone, the analysis confirms early DIII-D results [2] , which showed high density would lead to high inward energy pinch velocity. However, if shot #112507 is included in the set of data, the trend is broken. Another candidate that can possibly explain the density dependence is density scale length. This piece of study suggests that density scale length instead of density itself may have a strong correlation with pinch velocity. Regarding theoretical work, Wang performed gyrokinetic calculation and she elucidated that there would be competition between two parts of convective velocity [8] . One of them is ∇B driven pinch. The other is ∇n driven convective flux. Thus, the result of competition between inward ∇B and outward ∇n driven parts determines the macroscopic sign of energy convective velocity. For electron energy convective velocity,
where ω k is the frequency of turbulence, ω e * is the electron diamagnetic drift frequency, R 0 is the major radius, L n is the density scale length, G is a function of magnetic shearŝ and azimuthal angle θ 0 of the turning point of a trapped electron. In the above expression, the sign of electron energy convective velocity is controlled by the last term. In Wang's theory, inward energy pinch is predicted for a flat density profile and outward convection is predicted for a steep density profile. Although we have neither turbulence measurement in our set of database nor the exact expression of variable G in the above expression, the analysis in the previous section reveals the similar dependence of electron energy convective velocity on density. In this sense, the result of this study is qualitatively in agreement with Wang's theoretical prediction. Because of insufficient data with a similar experimental setup but with different plasma current, the parametric dependence of convective velocity on plasma current is still ambiguous in this study. Further study on more detailed parametric dependence and its benchmark for the theory is worthy of future research on EAST.
